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ABSTRACT Ebola virus (EBOV) entry requires the virion surface-associated glycoprotein (GP) that is composed of a trimer of 
heterodimers (GP1/GP2). The GP1 subunit contains two heavily glycosylated domains, the glycan cap and the mucin-like do- 
main (MLD). The glycan cap contains only N-linked glycans, whereas the MLD contains both N- and O-linked glycans. Site- 
directed mutagenesis was performed on EBOV GP1 to systematically disrupt N-linked glycan sites to gain an understanding of 
their role in GP structure and function. All 15 N-glycosylation sites of EBOV GP1 could be removed without compromising the 
expression of GP. The loss of these 15 glycosylation sites significantly enhanced pseudovirion transduction in Vero cells, which 
correlated with an increase in protease sensitivity. Interestingly, exposing the receptor-binding domain (RBD) by removing the 
glycan shield did not allow interaction with the endosomal receptor, NPC1, indicating that the glycan cap/MLD domains mask 
RBD residues required for binding. The effects of the loss of GP1 N-linked glycans on Ca 2+ -dependent (C-type) lectin (CLEC)- 
dependent transduction were complex, and the effect was unique for each of the CLECs tested. Surprisingly, EBOV entry into 
murine peritoneal macrophages was independent of GP1 N-glycans, suggesting that CLEC-GP1 N-glycan interactions are not 
required for entry into this important primary cell. Finally, the removal of all GP1 N-glycans outside the MLD enhanced anti- 
serum and antibody sensitivity. In total, our results provide evidence that the conserved N-linked glycans on the EBOV GP1 core 
protect GP from antibody neutralization despite the negative impact the glycans have on viral entry efficiency. 

IMPORTANCE Filovirus outbreaks occur sporadically throughout central Africa, causing high fatality rates among the general 
public and health care workers. These unpredictable hemorrhagic fever outbreaks are caused by multiple species of Ebola vi- 
ruses, as well as Marburg virus. While filovirus vaccines and therapeutics are being developed, there are no licensed products. 
The sole viral envelope glycoprotein, which is a principal immunogenic target, contains a heavy shield of glycans surrounding 
the conserved receptor-binding domain. We find that disruption of this shield through targeted mutagenesis leads to an increase 
in cell entry, protease sensitivity, and antiserum/antibody sensitivity but is not sufficient to allow virion binding to the intracel- 
lular receptor NPC1. Therefore, our studies provide evidence that filoviruses maintain glycoprotein glycosylation to protect 
against proteases and antibody neutralization at the expense of efficient entry. Our results unveil interesting insights into the 
unique entry process of filoviruses and potential immune evasion tactics of the virus. 
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Two genera compose the family Filoviridae: Ebolavirus and 
Marburgvirus. These viruses cause outbreaks of severe hemor- 
rhagic fever, with associated fatality rates as high as 90% ( 1 ). There 
are five antigenically distinct species of Ebola viruses (2, 3): Zaire 
ebolavirus (EBOV), Sudan ebolavirus (SUDV), Bundibugyo ebola- 
virus (BDBV), Tai Forest ebolavirus (TAFV), and Reston ebolavirus 
(RESTV) (4). All of these viruses cause disease in humans except 
RESTV, which is pathogenic in nonhuman primates (1). Cur- 
rently there are no licensed antivirals or vaccines, and a better 
understanding of the structure and function of the viral glycopro- 
tein may lead to novel approaches for the development of antivi- 
rals. 

Filoviruses express a single viral envelope glycoprotein (GP), 
which is highly glycosylated and forms a trimer of GP1/GP2 het- 



erodimers on the surface of virions (Fig. 1A). The GP1 subunit is 
required for receptor interactions, and the transmembrane- 
associated GP2 subunit is required for membrane fusion. GP1 
contains four different domains: base, receptor-binding domain 
(RBD), glycan cap, and mucin-like domain (MLD) (Fig. IB). The 
first three domains compose the core of GP1 and are required for 
the expression and function of the prefusion glycoprotein. EBOV 
GP with the MLD deleted (GPlAmuc) has increased protein ex- 
pression and provides higher viral titers when pseudotyped onto 
retroviral (5) or vesicular stomatitis virus (VSV) particles (Nich- 
olas J. Lennemann, personal observations). 

Although Ebola viruses are antigenically distinct, the RBD is 
highly conserved, with an average of 87% amino acid identity. 
This conservation suggests an absence of selective pressures driv- 
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FIG 1 Schematic diagrams of Ebola virus GP. (A) A molecular model of EBOV GP1/2 shown in a top-down view. Complex N-glycans are shown in orange, GP 
is shown in light gray, RBD is shown in red, and MLD structure that has not been solved is represented as a gray sphere. PBD ID 3CSY. (B) Linear model of EBOV 
GP. The disulfide bond between GP1 and GP2 is indicated, as well as the locations of N-linked glycans (marked with "Ys") in the GP1 and -2 domains, and the 
known protease cleavage sites are noted. SP, signal peptide; RBD, receptor-binding domain; MLD, mucin-like domain; IFL, internal fusion loop; HRl and -2, 
heptad repeats 1 and 2; TM, transmembrane domain. (C) Alignment of predicted N-linked glycan sites within the GP1 core of the five Ebola virus species. 
N-X-S/T sequons are highlighted with a black background. 



ing diversification of this region of the protein. In contrast, the 
glycan cap and MLD have extensive sequence diversity between 
the different Ebola virus species. As the names suggest, both the 
glycan cap and the MLD are highly glycosylated, resulting in the 
majority of the protein being masked by glycans (Fig. 1A) (6). The 
glycan cap contains only N-linked glycan sites (NGS) and, despite 
generally poor sequence conservation within the glycan cap, these 
sites are well conserved among Ebola viruses, suggesting func- 
tional significance (Fig. 1C). In contrast to the glycan cap, the 
glycosylation events found in the MLD are highly variable be- 
tween the different viruses and include both N- and O-linked 
glycans. Despite extensive glycosylation, the MLD remains highly 
targeted by neutralizing antibodies (7-9). 

Several roles have been attributed to glycans attached to viral 
glycoproteins. Glycans can serve as ligands for Ca 2+ -dependent 
(C-type) lectins (CLECs), facilitating viral attachment and inter- 
nalization in a variety of cell types (10). Additionally, glycans pro- 
mote protein folding/stability and virion incorporation of GP, as 
demonstrated in studies with Newcastle disease virus and Lassa 
virus (11, 12). In the case of Nipah virus G/F proteins, not only 
does glycosylation help protein expression, it also decreases mem- 
brane fusion efficiency, thereby controlling premature fusion 
events (13, 14). Furthermore, the glycans on human immunode- 
ficiency virus (HIV) gpl20/gp41, Nipah virus G/F, hepatitis C 
virus E1/E2, and influenza A virus hemagglutinin (HA) protect 
virions from antibody-mediated neutralization (15). Despite the 
high degree of glycosylation found on filovirus GPs, the impor- 
tance of the N-linked glycans on EBOV GP1 to the structure and 
function of the protein has not been well studied. Here, we assess 
the structural and functional importance of N-linked glycans on 
EBOV GPL 

RESULTS 

Loss of the N-linked glycan shield does not affect EBOV GP ex- 
pression but does enhance virion transduction. To determine 
the role of GP1 N-glycans in EBOV GP-dependent entry, a library 
of over 40 individual and combinatorial mutations were made to 



disrupt the N-linked glycan sites (NGS; N-X-S/T sequons) within 
the GP1 subunit. We generated NGS mutations in GP1 of both GP 
and the MLD-deleted GP (GPlAmuc) (for details of all muta- 
tions, see Table SI in the supplemental material). NGS mutants 
were expressed in HEK293T cells and pseudotyped onto VSVAG- 
eGFP (expressing enhanced green fluorescent protein). The rela- 
tive expression levels of wild-type (WT) or NGS mutant GP were 
determined by assessing the GP-to-VSV matrix ratios present in 
cell supernatants by dot blot analysis. In addition, the transduc- 
tion efficiencies of the pseudovirions were assessed in Vero cells. 

Initial studies were performed to disrupt the seven NGS within 
the GP1 core of GPlAmuc and GP. Reduced levels of glycosyla- 
tion on mutant GPs that were pseudotyped onto VSV were appar- 
ent in immunoblots, evidenced by faster migration of the mutant 
proteins (see Fig. S1A in the supplemental material). The expres- 
sion of WT and mutant GPs in supernatants and the transduction 
of Vero cells mediated by these virions are summarized in Fig. S2. 
Notably, removing more than 3 glycans from the GP1 core signif- 
icantly decreased the expression of GPlAmuc and concomitantly 
reduced its transduction. However, all 7 glycan sites within the 
GP1 core could be removed (7G) with no effect on GP expression 
and a significant enhancement in transduction over that of the 
WT, suggesting that the MLD provides stability that allows the 
removal of glycans from the GP1 core (Fig. 2A). Furthermore, 
these mutant GPs were incorporated into purified virions at a rate 
equivalent to the incorporation of the WT (Fig. SIB). 

Since complete deglycosylation of the core domains of GP 1 did 
not negatively impact the expression of GP or the transduction of 
pseudotyped virions, we systematically combined N-linked glycan 
mutations in the MLD with our 7G mutant. Surprisingly, we were 
able to disrupt all NGS within GP1 without affecting expression 
(7Gm8G) (Fig. 2A; see also Fig. S2E in the supplemental material). 
Comparison of the 7Gm8G mutant and peptide N-glycosidase F 
(PNGase F) -treated GP with immunoblot analysis confirmed that 
the 7Gm8G mutant lacked all N-linked glycans (Fig. SIC). Pseu- 
dovirion transduction of Vero cells was significantly enhanced in 
all GP mutants that lacked the N40 glycan (Fig. 2B; Fig. S2D), and 



2 mBio' mbio.asm.org 



January/February 2014 Volume 5 Issue 1 e00862-13 



GP1 N-Glycans in EBOV Entry and Antibody Evasion 




FIG 2 Expression and entry efficiency of selected EBOV GP N-glycan mu- 
tants (see Fig. S2 in the supplemental material for a full analysis). (A) Relative 
expression of GPs. Dot blots were used to determine the ratio of EBOV GP to 
VSV matrix in supernatants. No GP represents pseudovirus produced in the 
absence of an envelope glycoprotein. (B) Transduction of Vero cells by VSV 
pseudotyped with the indicated NGS mutant (normalized to the amount of 
VSV matrix protein), presented as the percentage of the GP control value. (A 
and B) Data represent the averages ± SEM of three independent stocks of 
virus. Significance was calculated by 1 -sample (test. *, P < 0.05; **, P < 0.005; 
***,P< 0.0005. 



virion transduction was further enhanced by the removal of all 
NGS within the GP1 core (7G) or the core and MLD (7Gm8G). 
Consistent with our findings with 7Gm8G, the elimination of 



N-glycans solely within the MLD (GPm8G) also led to a modest 
but consistent increase in transduction, suggesting that NGS in 
both the core and MLD decreased transduction. In total, these 
results indicated that N-linked glycans are not required for entry 
into Vero cells but, rather, decrease the efficiency of entry. 

GP1 N-glycans do not affect virion attachment to Vero cells. 
As extensive N-linked deglycosylation of GP led to greater trans- 
duction, we sought to identify which step(s) in EBOV entry were 
affected by the loss of N-linked sugars. Removing the GP1 
N-glycans within the GP1 core (7G) or throughout GP1 (7Gm8G) 
did not affect the binding of pseudovirions to the cell surface (see 
Fig. S3, top, in the supplemental material) and the binding of all 
virions tested was decreased to similar levels (-50% reduction) in 
the presence of a calcium chelator, EGTA (Fig. S3, middle). This 
finding was not unexpected, since EBOV entry into Vero cells has 
been shown to be mediated by the phosphatidylserine receptor, 
TIM-1, which binds to virion-associated phosphatidylserine in a 
calcium-dependent manner (16). 

Removal of GP1 N-glycans imparts CatB independence and 
increases protease sensitivity. Endosomal processing of EBOV 
GP by cathepsin B (CatB) is an important step in EBOV entry that 
results in the removal of both the MLD and glycan cap, exposing 
the RBD (17-20). Additionally, it has been shown that disruption 
of the N40 NGS (T42A mutation) leads to CatB independence in 
the absence of the MLD (21). As the inclusion of a similar muta- 
tion (T42V) in our glycoprotein mutants consistently led to en- 
hanced transduction, we assessed whether the increase in trans- 
duction by our mutants correlated with increased CatB 
independence. Pseudovirion entry mediated by GPlAmuc, GP, 
the 6G mutant, containing a fully deglycosylated glycan cap, and 
the GPm8G mutant containing a MLD that was fully deglycosy- 
lated for N-linked glycans were abrogated by treating Vero cells 
with the CatB inhibitor CA-074, which profoundly blocked CatB 
activity (Fig. S4A). These data indicated that these GPs were de- 
pendent upon CatB processing for subsequent transduction steps 
(Fig. 3A). VSV pseudotyped with the native glycoprotein (VSV-G) 
served as a control in these studies and was completely resistant to 
the drug. As anticipated, the mutant with a mutation of T42 in the 
absence of the MLD was significantly less sensitive to CA-074 
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FIG 3 Effects of N-glycan removal on entry processes. (A) CatB inhibition assay. Vero cells were transduced with pseudovirions bearing the indicated GPs in 
the presence of 80 /j,M CA-074. Data are presented as percentage of cells transduced compared to results for DMSO control. Shown are averages ± SEM of three 
independent experiments. (B) Thermolysin sensitivity assays. Pseudovirions, normalized for GP expression, were incubated with 1.25 /J.g/ml ofTHL and used to 
transduce Vero cells. Transduction is presented as percentage of transduction observed at 200 /u,g/ml THL. Data represent the averages ± SEM of three 
independent experiments, performed with three independent stocks of pseudovirus. (A and B) Significance was determined by Student's f test, comparing each 
mutant to its respective WT control (either GP or GPAmuc). *, P < 0.01; **, P < 0.001; ***, P < 0.0001. (C) NPC1 C loop binding assay. VSV pseudovirions 
bearing the indicated GP were bound to an enzyme-linked immunosorbent assay (ELISA) plate and incubated with soluble NPC1 C loop. The amount of bound 
protein was quantified by ELISA. As a positive control, VSV pseudotyped with GP was treated with THL (GP THL ) (200 fig/ ml) for 1 h at 37°C prior to incubation 
with C loop. Graph is representative of two independent experiments. 
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(Fig. 3 A, T42VAmuc); however, we did not observe complete 
CatB independence as has been previously reported (21), possibly 
due to a Val rather than Ala substitution at this site. Assessment of 
the T42V mutant in the context of GP also demonstrated partial 
CA-074 independence. The CatB independence of 7G was similar 
to that of the T42V mutant, and removing all N-linked glycans in 
GP1 (7Gm8G) enhanced CatB independence slightly more. 

Our observed trend of enhanced transduction with increasing 
elimination of GP1 N-linked glycans was more robust than the 
trend of CatB independence with our mutants. As glycosylation is 
known to protect from proteases (22), we determined whether 
removing glycans increased the protease sensitivity of GP. Previ- 
ous work has shown that treatment with 200 /xg/ml thermolysin 
(THL) results in an ~20-fold increase in GP-mediated transduc- 
tion associated with complete removal of the glycan cap and MLD 
(20, 2 1 ). To initially assess THL sensitivity, we evaluated the trans- 
duction efficiency of GP and 7Gm8G following treatment with 
increasing concentrations of THL up to a high concentration 
(200 jig/ml). 7Gm8G was dramatically more sensitive to low con- 
centrations of THL than GP, providing evidence that the deglyco- 
sylated GP was more readily proteolytically processed (Fig. S4B). 
Given these results, a panel of NGS mutants was evaluated for the 
relationship between entry and sensitivity of deglycosylated GP to 
low concentrations (1.25 /xg/ml) of protease (Fig. 3B). A correla- 
tion between the number of mutations and the THL sensitivity 
was observed. The results from 7G and GPm8G indicated that the 
removal of glycans from the core has a greater effect on protease 
sensitivity, possibly due to the large number of O-glycans still 
present in the MLD. However, 7Gm8G showed the greatest pro- 
tease sensitivity, suggesting an additive effect when the mutations 
of 7G and GPm8G were combined. These findings indicated that 
N-glycans in the glycan cap and, to a lesser extent, in the MLD 
control the efficiency of proteolytic processing, thereby regulating 
subsequent steps in entry, such as binding to the endosomal re- 
ceptor, NPC1. 

Removal of glycans shielding the RBD does not allow for 
NPC1 binding. Enzymatic removal of the glycan cap and MLD 
allows interaction of GP with the endosomal receptor NPC1 (23, 
24). Consequently, we postulated that exposing the RBD by dis- 
rupting NGS within the GP1 core and MLD might enhance the 
binding of GP to NPC1. In an NPC1 binding assay, a soluble form 
of the second luminal domain (C loop) of NPC1, which directly 
interacts with residues in the RBD of EBOV GP (23), was used to 
bind VSV pseudovirions. Treatment of GP with THL, which is 
commonly used to mimic GP cleavage by CatB/-L in removing the 
MLD and glycan cap (20, 21), resulted in binding of C loop over a 
wide range of concentrations (Fig. 3C). However, exposure of the 
RBD through deglycosylation (7Gm8G) did not lead to binding of 
the NPC1 C loop above the background level, indicating that loss 
of the N-linked glycans on GP1 does not abrogate the need for 
endosomal proteolysis that is required for receptor interactions. 
This result suggests that, while N-glycans on GP may interfere 
with the ability of the RBD to interact with this endosomal recep- 
tor, glycan interference is not the sole explanation for the inability 
ofGPtobind to NPC1. 

Domain-specific N-linked deglycosylation alters C-type lec- 
tin utilization. CLECs, which mediate GP-dependent entry, are 
expressed on a wide variety of EBOV target cell types, including 
macrophages, dendritic cells, and hepatic cells, and each binds to 
specific glycan moieties (25-29). To better understand the role of 
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FIG 4 CLEC utilization of N-glycan site mutants. (A to F) HEK293T cells 
transfected with the indicated entry factor were transduced at an MOI of 0.01 
with VSV pseudotyped with the NGS mutant noted. Enhancement of trans- 
duction is presented as the fold change in GFP-positive cells compared to the 
results for empty vector-transfected cells, which are indicated with dashed gray 
lines. Data represent the averages ± SEM between three independent experi- 
ments. Significance was determined by Student's t test. *, P < 0.05; **, P < 
0.005; ***, P < 0.0005. Note that the scale of the y axis varies between panels. 



EBOV GP1 N-linked glycans in CLEC-dependent tropism, we de- 
termined the receptor utilization of mutants that lack N-linked 
glycans on the GP1 core (7G), the MLD (GPm8G), or both 
(7Gm8G). Constructs expressing Myc-tagged CLECs were trans- 
fected into poorly permissive HEK293T cells. To enhance expres- 
sion, the ectodomains of CLECs DC-SIGN and human MGL 
(hMGL) were fused to the transmembrane and cytoplasmic do- 
main of L-SIGN (resulting in constructs L DC-SIGN and L hMGL, 
respectively). All constructs expressed well in transfected cells 
(Fig. S5). 

In these experiments, transfection of a TIM- 1 -expressing plas- 
mid served as a transduction control, since TIM- 1 -dependent en- 
try into endosomes is GP independent and should be independent 
of the GP glycosylation status (16, 30). Consistent with this, the 
entry of all pseudovirions was similarly enhanced by transfection 
of TIM- 1 (Fig.4A). 

While all five CLECs enhanced the transduction of WT GP 
between 6- and 13-fold, the impact of the loss ofGPl N-glycans on 
transduction varied depending on the CLEC examined (Fig. 4B to 
F). Entry mediated by L-SIGN, L DC-SIGN, and LSECtin was 
highly dependent on N-glycans present throughout GP1; how- 
ever, LSECtin-dependent entry was less dependent on N-glycans 
present in the GP1 core (Fig. 4B to D). Asialoglycoprotein recep- 
tor 1 (ASGPRI) -mediated entry was completely independent of 
N-glycans in the GP1 core. While the loss of NGS in the MLD 
resulted in a trend of decreased transduction, this did not achieve 
statistical significance (Fig. 4E). Furthermore, this CLEC was able 
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to mediate entry independently of GP1 N-glycans. N-linked 
deglycosylation had a minimal impact on GP-mediated entry 
into cells expressing L hMGL (Fig. 4F). The results obtained with 
ASGPRI and L hMGL were consistent with previous reports indi- 
cating that ligands for these CLECs are present in O-linked glycans 
present in the MLD or, potentially, in N-linked glycans on GP2. 

CLEC-expressing HEK293T cells were also used to evaluate the 
impact of N-linked glycans on our MLD deletion mutant, 
GPlAmuc. In these studies, we compared the transduction of 
GPlAmuc to that of 5GAmuc. While our 5GAmuc mutant was 
poorly expressed and resulted in low levels of transduction com- 
pared to the transduction of GPlAmuc (see Fig. S2 in the supple- 
mental material), the levels of 5GAmuc transduction were about 
50% of the levels observed with GP and sufficient to allow trans- 
duction studies to be performed (Fig. S6). All five CLECs en- 
hanced GPlAmuc transduction, increasing entry by 4.5- to 22- 
fold (Fig. 4B to F). In all cases, the loss of five of the N-linked 
glycans (5GAmuc) on the glycan cap resulted in a decrease in 
transduction, with the reduction being more modest for transduc- 
tion mediated by L DC-SIGN, ASGPRI, and L hMGL. As the better 
transduction of 5GAmuc into cells expressing L DC-SIGN, ASG- 
PRI, and L hMGL cannot result from interactions with MLD gly- 
cans, this enhancement must be due to either the two remaining 
intact N-glycans on the GP1 core at N40 and N204 or the two 
N-glycans on GP2. Additionally, the differences in 5GAmuc- 
mediated transduction observed between L-SIGN and L DC-SIGN 
indicate that these CLECs have different ligand specificities, de- 
spite both binding to high-mannose oligosaccharides. 

N-linked glycans on GP1 are not required for entry into mac- 
rophages. Macrophages are major, early targets during filovirus 
infections, and others have suggested that CLECs may be impor- 
tant for entry into these cells (31-33). Previous work has shown 
that murine MGL and SIGNR1, the murine homolog of DC- 
SIGN, are expressed on peritoneal macrophages (34, 35). We used 
our most extensively deglycosylated mutants to determine the role 
of N-linked and O-linked glycans in entry into these cells. Since 
VSV is highly sensitive to the type I interferon response (36), res- 
ident peritoneal cells were isolated from IFNAR~ /_ mice for these 
studies. In addition, these mice lacked TIM-1, which eliminated 
the possibility for entry in epithelial cells that may have contami- 
nated the preparations. Cells were treated for 3 days with murine 
macrophage colony-stimulating factor (M-CSF) and their pheno- 
types were determined prior to use. Eighty-five percent of adher- 
ent cells from the peritoneal cavity were CDllb + /F480 + , indica- 
tive of matured macrophages (see Fig. S7 in the supplemental 
material). These cells were highly permissive for VSV pseu- 
dotyped with GP (Fig. 5). Entry mediated by 7Gm8G was en- 
hanced ~3-fold over entry mediated by the WT, which is more 
consistent with our Vero cell data than with our CLEC utilization 
data. Furthermore, macrophages supported entry mediated by the 
5GAmuc mutation, although this was ~ 15-fold decreased com- 
pared to the results for the WT. These findings demonstrated that 
neither O- or N-linked glycans on GP1 are absolutely required for 
entry into peritoneal macrophages. 

Removal of N-linked glycans enhances antiserum sensitivity. 
Our studies indicated that the most deglycosylated EBOV GP1 
mutants were expressed at WT levels and provided the highest 
levels of transduction into Vero cells and peritoneal macrophages. 
Nonetheless, the conservation of the glycan sites, particularly in 
the GP1 core sequences, across the species suggested that positive 




w 

FIG 5 N-glycan site mutant-mediated entry into murine macrophages. Peri- 
toneal macrophages from BALB/c IFNAR~'~ TIM1 - ' - mice were plated in 
96-well plates and treated for 72 h with M-CSF. Following M-CSF treatment, 
cells were transduced with VSV pseudotyped with the indicated GP. TCID 50 
values were calculated from two independent experiments performed at least 
in quadruplicate and are presented as the averages ± SD. 



selection for these sites was occurring. Therefore, our deglycosy- 
lated EBOV GPs were evaluated for their sensitivity to antiserum 
neutralization, since deglycosylation may increase the exposure of 
potential EBOV GP epitopes. Purified anti-EBOV IgG from con- 
valescent cynomolgus macaques that were vaccinated prior to 
challenge with Ebola virus (a gift from John M. Dye, USAMRIID) 
was incubated with VSV pseudovirions that were normalized for 
the amount of matrix protein. Little to no enhancement of anti- 
serum sensitivity was observed with a mutant lacking three gly- 
cans in the GP core; however, the removal of six glycans from the 
glycan cap increased the neutralization sensitivity more than 
4-fold (Fig. 6A and C). In contrast, VSV pseudotyped with the 
Marburg virus GP was not neutralized by anti-EBOV IgG. Com- 
plete deglycosylation of the GP 1 core ( 7G) led to a further increase 
in antiserum sensitivity (Fig. 6B and C). Since the MLD is a major 
target of neutralizing antibodies (7-9), we anticipated that the 
removal of N-glycans from this domain would enhance anti- 
EBOV IgG sensitivity. Surprisingly, GPm8G was no more sensi- 
tive to neutralization than WT GP (Fig. 6B), indicating that NGS 
in the MLD had little to no positive or negative effect on neutral- 
ization by the pooled anti-EBOV IgG. Consistent with this, re- 
moval of all N-linked glycans on GP1 (7Gm8G) did not enhance 
antibody neutralization beyond that observed with deglycosyla- 
tion of GP1 core (7G). We found similar but less pronounced 
neutralization sensitivity with pooled sera collected from mice 
surviving challenge with mouse-adapted EBOV (see Fig. S8 in the 
supplemental material). 

DISCUSSION 

EBOV GP1 is highly glycosylated, yet limited studies have inves- 
tigated the role of these sugar chains on GP function to date. In 
this report, we determined the effects of removing the N-linked 
glycans present on the EBOV GP1 subunit by examining the im- 
pact on protein expression/stability, viral entry, and antiserum/ 
antibody sensitivity. Surprisingly, the elimination of all N-linked 
glycans on GP1 had no effect on the expression levels of GP, sug- 
gesting that, in the presence of the MLD, N-linked glycans at- 
tached to GP1 are not critical for GP folding. However, as our 
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FIG 6 Enhanced neutralization of glycan cap N-glycan mutants by cynomolgus macaque anti-EBOV IgG. (A and B) Neutralization of pseudovirus, normalized 
to the amount of VSV matrix protein, by fractionated IgG from convalescent vaccinated and challenged cynomolgus macaques. For ease of viewing the findings, 
results were separated to show neutralization of the mutants with 3 or 6 glycans removed within the GP 1 core (A) or all 7 core glycans removed compared to all 
15 in GP1 (B). Data points for neutralization assays are presented as the percentages of the no-IgG control and represent the averages ± SD (n = 3). MARV, 
Marburg virus GP pseudotyped VSV. (C) The relative antibody sensitivity values, reciprocals of the IC 50 s, were determined for each independent experiment. 
Data are presented as the averages ± SD (n = 3). Significant differences between WT GP and the other constructs were determined by Student's t test. *, P < 0.05; 
**,P< 0.005. 



studies were performed with pseudovirions in tissue culture, it 
remains possible that these N-linked glycans are critical for GP 
stability in the context of infectious EBOV virions and/or in vivo. 
Future studies to test our deglycosylated GPs in the context of 
recombinant filoviruses to verify our findings are warranted. The 
loss of GP1 NGS significantly decreased the utilization of four of 
the five C-type lectins known to be used by EBOV GP for entry, 
while it enhanced EBOV transduction into Vero cells and perito- 
neal macrophages. The enhanced levels of transduction were as- 
sociated with enhanced sensitivity to thermolysin cleavage, but 
deglycosylation did not alleviate the need for proteolysis prior to 
NPC1 binding. Finally, the loss of highly conserved glycans on the 
core of GP1 increased virus sensitivity to antibody neutralization. 
Therefore, we propose that the strong conservation of individual 
glycosylation sites in the GP1 core across the Ebola virus genus 
results, at least in part, from selective pressures to protect the virus 
against immune responses, despite the fact that these sites collec- 
tively can have a negative impact on GP-dependent entry. 

Modeling N-linked glycans onto the GPlAmuc structure sug- 
gests that the highly conserved RBD of Ebola viruses is effectively 
masked and protected by glycan cap glycans attached to well- 
conserved NGS, likely protecting the RBD against selective im- 
mune pressures, as previously proposed (6,8, 9, 15,18,37). How- 
ever, we provide the first experimental evidence to support this 
hypothesis. Our results suggest that there are neutralizing epitopes 
in the GP1 core that are normally masked by N-glycans. Surpris- 
ingly, the removal of N-glycans from the MLD, which is highly 
targeted by neutralizing antibodies (7-9), did not affect antiserum 
sensitivity. Neutralizing epitopes within the MLD that do not ap- 
pear to be affected by the loss of N-linked glycans may be ob- 
structed by the large number of O-glycans attached to the MLD. 
Alternatively, neutralizing epitopes within the MLD may target 
O-linked glycan sequons. Since filovirus hemorrhagic fevers are 
acute and often lethal infections in primates, it is likely that 
antibody-driven positive selection for NGS surrounding con- 
served regions occurs in nonprimate reservoirs, such as bats. 
Thus, it is important to understand filovirus infection and persis- 
tence in bat populations. 

A role for CLECs in EBOV GP-dependent entry has been 
firmly established by others (32, 33, 38, 39). We have shown for 
the first time that the removal of N-glycans from either the glycan 



cap (7G) or MLD (GPm8G) dramatically decreases the utilization 
of DC-SIGN, L-SIGN, and LSECtin. Surprisingly, these same 
CLECs enhanced the transduction mediated by GPlAmuc, de- 
spite this form of the protein sharing exactly the same pattern of 
NGS as GPm8G. Another surprising finding was that hMGL uti- 
lization was largely unaffected by the loss of GP1 N-glycans. This 
provided indirect evidence that hMGL-dependent EBOV trans- 
duction is strongly dependent on O-linked glycans in GP. How- 
ever, despite the apparent utilization of O-linked glycans by 
hMGL, the transduction mediated by GPlAmuc was greatly en- 
hanced by the expression of this CLEC (32). In combination, these 
two sets of results suggest that deletion of the MLD alters the 
species of glycans present on GP1. Such a conclusion is consistent 
with previous work showing that glycosylation differences exist 
between GP and the small, soluble form of GP (sGP), which shares 
the same NGS with GPlAmuc (40). More glycan processing was 
found on sGP, indicated by the higher percentage of galactose 
residues and lower percentage of high-mannose glycans. Since the 
types of glycans present on proteins are largely dependent on the 
environment in which the protein is produced (41), it is possible 
that the cytotoxicity associated with overexpression of GP (42, 43) 
or the large number of O-glycans present changes the glycosyla- 
tion machinery in the ER/Golgi. 

Previous work has shown that macrophages are important cel- 
lular targets during the early days of filovirus infection (31). The 
effective transduction of murine peritoneal macrophages by 
N-glycan-deficient GP1 -bearing pseudovirions, along with our 
findings that hMGL-dependent enhancement of transduction was 
relatively independent of the presence of GP 1 N-glycans, supports 
the idea proposed by others (32) that EBOV entry into macro- 
phages may be mediated by this CLEC. However, additional 
mechanisms of EBOV entry into macrophages are also likely to be 
important, particularly in light of our findings that 7Gm8G pseu- 
dovirions have -300% better transduction of macrophages than 
GP, yet 7Gm8G transduces hMGL-expressing cells at -60% of the 
transduction level of the WT. We and others have identified that 
TIM family members mediate virus uptake into cells by interact- 
ing with phosphatidylserine on the surface of virions (16, 30), and 
it is possible that this uptake mechanism is important for EBOV 
entry into macrophages. Future studies need to explore the role 
for phosphatidylserine receptors during in vivo filovirus infection. 



6 mBio' mbio.asm.org 



January/February 2014 Volume 5 Issue 1 e00862-13 



GP1 N-Glycans in EBOV Entry and Antibody Evasion 



Our findings that deglycosylation of GP pseudovirions en- 
hances the transduction of Vero cells and peritoneal macrophages 
provides evidence that the N-glycans on GP1 decrease the effi- 
ciency of the entry process. The removal of glycans masking the 
RBD enhanced proteolytic processing of GP but did not result in 
the ability of unprocessed EBOV GP to bind the C loop of NPC1, 
consistent with an earlier study demonstrating that the removal of 
the MLD did not unmask the RBD for NPC 1 interaction (23) . This 
result suggests that there are residues that are critical for NPC1 
binding, such as F88 (23 ) , that are masked by the glycan cap/MLD 
polypeptide rather than being concealed by the heavy glycan 
shield. Thus, it is likely that the increased sensitivity of our degly- 
cosylated mutants to proteolytic processing results in more effi- 
cient transit through the endosomal compartments, leading to 
greater transduction efficiency. 

In these studies, we found that protease sensitivity and CatB 
dependence are independently controlled within GP1. For in- 
stance, GPm8G, which retains the N40 glycosylation site, was 
completely dependent on CatB but had enhanced thermolysin 
sensitivity. In contrast, the T42 V mutant was found to be partially 
CatB independent but no more sensitive to thermolysin than WT 
GP. It was previously hypothesized that mutation of residue T42, 
which eliminates the N-glycan at N40, allows endosomal pro- 
teases other than CatB to process GP within the endosome (21). 
Extrapolating from these studies, we hypothesized that systematic 
deglycosylation would yield an EBOV GP that was progressively 
more CatB independent. However, this was not the case; extensive 
deglycosylation beyond loss of the N40 glycan sequon did not 
further alleviate dependence on CatB but did increase thermolysin 
sensitivity. Additionally, mutants with mutations of N40 and T42 
were shown to display different protease sensitivities, suggesting 
that the glycan is not the only factor in determining CatB depen- 
dence (21). 

Previous work has shown that cellular receptors influence the 
intracellular trafficking and endosomal fate of viruses (44). EBOV 
entry requires a specific intracellular compartment that requires 
CatB, the HOPS complex, and NPC1 (19, 20, 21, 24, 45). How- 
ever, similar to our CatB-independent EBOV mutants, not all 
filoviruses require CatB cleavage for entry (46). Therefore, degly- 
cosylated mutants with distinct protease dependence and sensitiv- 
ity profiles may be useful in the further characterization of the 
endosomal compartments that allow for the efficient entry of filo- 
viruses. 

MATERIALS AND METHODS 

Pseudovirion matrix and glycoprotein quantitation. Equal volumes of 
cell supernatants containing pseudovirions from three independent 
stocks were lysed in native lysis buffer (phosphate-buffered saline [PBS] 
with 0.025% NP-40) and then passed through a dot blot apparatus onto 
nitrocellulose (Whatman). Wells were washed 5X with PBS before being 
blocked in PBS with 10% nonfat milk for 1 h. Dot blots were incubated 
with the mouse anti-VSV matrix monoclonal antibody (MAb) 23H12 (a 
gift from Douglas Lyles) and the human anti-EBOV GP MAb KZ52 (a gift 
from Erica Saphire and Dennis Burton) diluted in PBS with 10% nonfat 
milk and 0.15% Tween-20 overnight at 4°C. By using separate IRDye- 
conjugated secondary antibodies (Abs) (LI-COR) directed toward the 
primary Abs, we were able to detect both VSV matrix protein and EBOV 
within a single well for each sample. The signals were visualized and quan- 
tified using an Odyssey Imaging Station and Image Studio software (LI- 
COR), which has been shown to be more sensitive and quantitative than 
enhanced chemiluminescence (47). 



Thermolysin sensitivity assay. VSV pseudovirions, normalized for 
GP expression, were incubated with 200 /ig/ml, 2-fold serial dilutions 
starting with 5 jtig/ml, or a single concentration of 1.25 /ug/ml of thermo- 
lysin (THL) at 37°C for 15 min. The reaction mixtures were immediately 
placed on ice and diluted 20-fold in growth medium containing 50 /k,M 
phosphoramidon (Sigma), a THL inhibitor. THL-treated pseudovirions 
were evaluated for Vero cell transduction. GFP-positive cells were ana- 
lyzed by flow cytometry. 

Antibody/antiserum neutralization assay. Serial dilutions of frac- 
tionated IgG pooled from 36 convalescent, vaccinated cynomolgus ma- 
caques challenged with EBOV (gift from lohn M. Dye, USAMRIID) or 
pooled convalescent sera from mice challenged with mouse-adapted 
EBOV (gift from Gene Olinger, USAMRIID) were incubated at 37°C for 
30 min with pseudotyped VSV bearing the glycoproteins studied and 
normalized for the amount of matrix protein. The mixtures were diluted 
5-fold in growth medium and added to Vero cells plated in a 48-well 
format. GFP-positive cells were enumerated with flow cytometry. The 
relative antiserum sensitivities were calculated as the reciprocals of the 
50% infective concentration (IC 50 ) values determined with GraphPad 
Prism 5. 
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